Borehole-sealing solidified material plays a significant role in improving sealing quality and enhancing gas drainage performance. In this study, the MTS815 electro-hydraulic triaxial servo test system and MR-60 NMR test system were adopted to conduct triaxial compression control experiment on the coal sample material, concrete material, and new solidified sealing material, respectively. is paper aims to analyze the difference of support effects, porosity, and stress sensitivity between those materials. Experimental results show that under the same stress condition, the stiffness of traditional concrete solidified material is the largest, while the new solidified material is the second, and the coal sample material is the smallest. Compared with the traditional concrete solidified material, the new solidified sealing material has better strain-bearing capacity and volumetric expansion capacity under each confining pressure in the experiment. e axial strain and volume increment of new solidified material is higher than those of the traditional concrete solidified material at the peak stress. Meanwhile, the confining pressure has a certain hysteresis effect on the postpeak stress attenuation. Fracture has the strongest stress sensitivity in three pore types, and its T 2 map relaxation area has a larger compression than adsorption pore and seepage pore under the same pressure. e relative content of seepage pore and fracture in the new solidified material is less than that of coal and concrete samples, and the stress sensitivity of the new solidified materials is weaker than that of coal and concrete materials, thence, new solidified material will have better performance in borehole sealing. Outcomes of this study could provide guidance on the selection of the most effective sealing materials for sealing-quality improvement.
Introduction
Coal is the main energy source in China, accounting for over 70% of the primary energy [1] . However, most coal seams in China have complex and variable conditions, and the proportion of high gas coalmines is large [2] . Gas-related incident is always one of the most serious disasters during coal mining. erefore, prevention and control of gas disasters is particularly significant. Many scholars have conducted a large amount of research in this area [3] [4] [5] [6] . Some studies focused on sealing materials [7] [8] [9] , while others concentrated on the sealing process [10] [11] [12] [13] . Quanle Zou et al. established an improved coalbed methane combined mining model and proposed a combination method of borehole-grooving-separation-blocking to improve coalbed methane permeability and coalbed methane recovery [14] . Zhou et al. developed a new sealing material and analyzed the effects of various factors on material properties [9] . Zheng et al. studied the sealing performance of a cement-based capillary crystalline material [15] . Baiquan Lin et al. proposed a borehole hydraulic grooving technology to eliminate coal and gas outburst threats that are more likely to occur during roadway excavation [16] .
Currently, the primary method of controlling methane incidents is gas extraction, which has been vital and been generalized in China [17, 18] . Furthermore, borehole sealing is a vital factor to the gas extraction efficiency. e borehole-sealing quality is closely related to the solidified sealing material [19] . e mining team of coal and methane has developed a new type of solidified material for sealing ( Figure 1) , it can optimize the deficiencies of traditional materials in terms of initial setting time, fluidity, and expansion, however, the porosity and mechanical properties of the material during sealing are still to be studied. Hence, investigation on strength, stiffness, and elasticity modulus of sealing solidified materials a er swelling and solidification could have a positive impact on the stability of borehole sealing section, the avoidance of stress concentration and increase in gas-extraction efficiency. e rock stratum around borehole is usually in three-dimensional stress state, it is necessary to study on the stressstrain characteristics of new solidified materials to further understand the properties of the material. e triaxial compression test is a common method for studying the transformation and strength characteristic of wall rock in three-dimensional stress state. Many remarkable signs of progress have been made by conducting numerous experiments in the triaxial compression condition [20, 21] . Morgan Chabannes et al. evaluated the shear behavior of two different biobased concretes using triaxial compression [22] . Meanwhile, other researchers also made some advances in mechanical properties of coal rock, especially for the strength and deformation behaviors [23] [24] [25] .
As an important material for borehole sealing, the change of porosity and stress sensitivity under pressure are also several important characteristics for characterizing material properties. Some researchers have discussed the stress sensitivity and porosity under different stress state based on a series of experiments of coal and rock samples [26] [27] [28] ; Li used the transverse relaxation time (T 2 ) spectrum of nuclear magnetic resonance to conduct quantitative study of the compression characteristics of pore-fracture system [29] ; Meng studied the differences of gas adsorption-diffusion and adsorption deformation of low and high rank coal and its permeability evolution in isothermal adsorption experiment and desorption-seepage testing system [30] ; Wang revealed the characteristics of micropore, mesopores, and fractal dimensions of bituminous coal during the process of cyclic gas adsorption/desorption by combining N 2 and CO 2 adsorption experiments from microscopic aspect [31] . However, the methods commonly used such as mercury intrusion porosimetry (MIP), N 2 adsorption desorption [32] , and small angle scattering may cause some damage to the sample matrix. Compared with other methods, nuclear magnetic resonance (NMR) technology has a faster and more accurate representation of the pore distribution in the sample without damaging it, it has been widely used by some researchers to study the size, content, and distribution of pores [33] [34] [35] [36] [37] [38] [39] [40] .
In this study, the advanced electro-hydraulic triaxial servo test system (MTS815) and the MR-60 NMR test system were applied to conduct the triaxial compression experiments and NMR scanning experiment of coal sample materials, concrete materials, and solidified materials. e variation of stressstrain and elastic modulus under different confine pressure were analyzed, meanwhile, the variation of strength and the effects of confining pressure on them between three specimens were comparatively analyzed. Based on T 2 spectrum, the relaxation area change was used to calculate the compressive capacity of the three pores, the variation of relative content of the different pore types in different samples was discussed. Additionally, the stress sensitivity of the different types of pores was compared by the calculation of dimensionless constants, and the sealing performance of different sealing materials was compared. It is considered that the achievements of the study will be one of the better guidance for advancement of borehole sealing process and improvement of drilling efficiency of gas drainage.
Experimental

Geological Setting and Sample Information.
e coal samples were taken from the Yuwu Coal Mine of the Lu'an Group in Changzhi City, Shanxi Province, China, as shown in Figure 2 . New solidified sealing materials and concrete materials were formed in the laboratory according to the actual mix ratio, the new solidified material is based on ultra-fine Portland cement, other additives are: reagent grade aluminum powder, CaO, and gypsum, and the partial proportions are shown in Table 1 . e content of aluminum powder and CaO is 0.56%, the gypsum content is 2%, and the water-cement ratio is 0.6%.
Experimental Methods.
e triaxial loading experiment used the three-dimensional compression MTS815 experiment system. is machine is mainly composed of a loading system, measuring system, and controlling system. e maximum axial load, confining pressure, and the applied range of the strain rate are 4600 KN, 25 MPa, and 10 −7 -10 −2 /s, respectively. Meanwhile, all test parameters in the experimental process are obtained using high-accuracy sensors. All operations are controlled by axial displacement at the rate of 0.0015 mm/s. Meanwhile, three confining pressures of 7, 5, and 3 MPa are adopted. In the experimental process, put confining pressure to a scheduled time firstly, then add axial displacement to the samples. It should be pointed out that all samples would be covered up using electrical adhesive tape for avoiding the impact of oil on the samples strength and results. For NMR testing, each sample was placed in a vacuum and saturated with distilled water unit for 48 h to its complete saturation, the core holder has a double-layer structure. e main magnetic field of the device is 0.51 T, the RF pulse frequency is 1.0~49.9 MHz, and the RF power is 300 W, the NMR testing parameters are set as flowing: echo interval time is 0.233 ms, the number of echoes is 6000, number of scans is 32, and the ambient temperature is 34°C. e T 2 spectral of each sample can be used to analyze the variation of content with various types of pore.
As shown in Figure 3 . e experiment was conducted in three stages, in which each sample was initially tested by NMR and triaxial loading experiment, and these samples were then combined and fixed. In the last stage, the assembled samples were tested by the second round NMR experiment.
Experimental eory.
In the triaxial compression experiment, the maximum carrying capacity of coal, i.e., the axial peak strength under axial compression can be determined by:
where is the peak strength under different confining pressures, max is the axial failure load of samples, and is the cross-sectional area. e elasticity modulus of samples can be calculated using the Hooke laws as follows:
where is the Poisson ratio. Due to the invariability of confining pressure in the loading process, the formula could be changed into the following expression: us, the elasticity modulus could be obtained via the equation
For NMR experiments, the distribution, connectivity, and various physical parameters of various types of pores in coal experiments were performed on all samples before and a er the loading of experiments using the MR-60 NMR test system, the T 2 spectra of all samples were obtained by experiment ( Figures 5-7 ). e relative content of different types of pores in the sample can be obtained by calculating the peak relaxation area in the T 2 spectrum [43] .
Discussion
Analysis of T 2 Spectrum and Stress Sensitivity.
It can be clearly seen from Figures 5-7 that there are three distinct peaks in the NMR spectra of the three samples, on the basis of previous studies, this paper divides the pore types into adsorption pore, seepage pore, and fracture according to the relaxation time of each peak in the T 2 spectrum [42, 44] . It also can be seen in the T 2 spectrum of the three samples that the main peak area is much larger than the two subpeak areas, which indicates that the absorption pore content of the three samples is the largest. It also can be seen that the relaxation area of the T 2 spectrum of this type of pore decreases to some extent a er the triaxial load, and the relaxation area of the crack changes most obviously, indicating that it absorbs the pores of all samples a er triaxial loading. e seepage porosity and fracture content decreased, and the fracture change was the largest.
It is worth noting that all the samples are conjugated and then subjected to NMR experiments a er triaxial loading until the samples are completely destroyed, but the large-size cracks caused by the compression experiment are not within the detection range of the NMR experiment. erefore, the NMR results of the samples a er compression indicate the changes in the pore content of each sample under extreme stress, the experimental results can better reflect the characteristics of the new solidified sealing material, so the content of the fracture in the sample both before and a er the experiment varies and rock mass are obtained based on the T 2 spectrum. e relationship between the transverse relaxation time T 2 of NMR and the aperture ( ) can be expressed as [41] :
where T 2 is the transverse relaxation time, ms, is the transverse surface relaxation strength, µm/ms, is the pore surface area, cm 2 , is the pore volume, cm 3 , is the pore shape factor, and is the aperture.
To better characterize the effect of pressure on various pores in the samples, a parameter of 푆 푖 /푆 0 is defined to characterize stress sensitivity of various pores. A dimensionless parameter of is defined as [29, 42] :
where and 0 is the relaxation area of the T 2 spectrum a er three-axis compression at a confining pressure of and 0 . In this paper, 0 represents that the confine pressure equals to 0 (no confine pressure), and when equals to 1, 2, 3, the confine pressure moves from 0 MPa to 3, 5, 7, respectively.
Experimental Results
ree-dimensional compression experiments of three samples (coal, concrete, and solidified materials) are conducted by the MST815 system until the complete failure of the samples. e axial load and displacement have been used to determine the stress and strain changes in the experimental process. e curves of three samples under different confining pressures are shown in Figure 4 . e peak strength and strain can be calculated via those curves. Furthermore, the elasticity modulus (E) is also determined by the linear regression of stress and strain curves, which is shown in Table 2 . NMR scanning increasing trend with the increase of pressure, and the variation trend of S pfi value of each pore type gradually become larger according to the order of adsorption pore, seepage pore, and fracture.
greatly, and the change of the coal sample is the most significant. In Advances in Polymer Technology 6 usually used to describe the pressure sensitivity of the sample. e larger the value of , the smaller the compressible volume of the sample and weaker the pressure sensitivity. It can be seen from Figure 5 (b) that the values of different pore types in the coal sample tend to be smaller and smaller with the increase of confining pressure, when the effective confining pressure is raised to the highest point of 7 MPa, the 푆 푝푓3 푆 3 /푆 0 values of the adsorption pore, seepage pore, and fracture are 0.89, 0.80, and 0.67, respectively. is indicates that the volume It can be found that the relative content of the fracture in the coal sample decreased to a certain extent a er triaxial compression, from 12.17% of the total relaxation area before compression to 10.48%, 9.30%, and 9.55% of the total relaxation area a er compression, respectively, and it can also be seen in Figure 5 (b) that the value of the fracture at the same confine pressure is the smallest, which indicates that the fracture content of the three pore types in the coal sample is the largest under the triaxial stress. e dimensionless coefficient ( ) is and its average content is 10.29% and 15.88% lower than that of coal and concrete, respectively. Which indicates that the relative content of the two types of transport channels that can provide gas flow in the new solidified material is less than that in the coal sample and the concrete material, so that the content of the pore type for gas circulation in the new solidified material is less than its content in concrete materials and coal samples, erefore, the new solidified materials have better sealing performance than concrete materials. According to Figure 7 (b), the values of of all types of pores decrease with the increase of effective confining pressure. When the effective confining pressure rises to a maximum of 7 MPa, the values of adsorption pore, seepage pore, and fracture in the new solidified materials are 0.92, 0.84, and 0.72, respectively, which indicates that the pore volume of adsorption pore, seepage pore, and fracture is compressed by 8%, 16%, and 28%, respectively, and the downward trend of fracture is the largest (Figure 8(b) ), so the stress sensitivity of the fracture in the new solidified material is the strongest. Seepage pore medium and the absorption pore are the weakest. Under the same experimental conditions, the value of the new solidified material is mostly lower than that of the coal sample and the concrete material ( Figure 9 ), and the variation trend of the new solidified material value is smaller than that of the coal sample and the concrete sample ( Figure  8 (b) and Table 3 ), this indicates that the new solidified material has lower pressure sensitivity than the coal sample and the of adsorption pore, seepage pore, and fracture is compressed by 11%, 20%, and 33%, respectively. ese results indicate that the pressure sensitivity of the fracture in the coal sample under triaxial loading is the strongest, the seepage pore is second, and the adsorption pore is the smallest.
In Figure 6 (a), the relative content of the fracture in concrete samples is as high as 23%, which is much larger than the fracture content in coal samples and new solidified materials. erefore, compared with the new solidified sealing materials, traditional concrete materials have more fractures, thereby affecting the sealing effect. It can be seen from Figure 6 (b) that as the stress increases, the value of of all pore types decreases gradually, in which the adsorption pore has the largest value, the seepage pore is the second, and the fracture is the smallest. When the effective confining pressure reaches 7 MPa, the values of adsorption pore, seepage pore, and fracture are 0.87, 0.76, and 0.70, respectively, which indicates that the pore volume of adsorption pore, seepage pore, and fracture is compressed by 13%, 24%, and 30%, respectively, and the downward trend of fracture is the largest (Figure 6(b) and Table 3 ), which indicates that the fracture pressure sensitivity of concrete samples is the strongest and most unstable.
Under different confining conditions, the relative content of seepage pore and fracture in the new solidified materials accounted for 13.40%, 12.50%, 11.90%, and 11.58% of the total pore area, respectively (Figure 8(a) ), each value of them is smaller than that of the coal sample and the concrete material, Advances in Polymer Technology 8 elastic phase, yield phase, and failure phase [45] . e compaction phases of three samples increase with confining pressure. It is mainly due to the "End Effect" and the different axial elongation. e detailed information is expressed as follows: When the stress is lower than proportional limits, the absolute value of the transverse strain (ε 1 ) and axial strain ( ) is a constant named Poisson's ratio :
Because the confining pressure is added firstly, the transverse strain is produced. Hence, Eq. (6) can be expressed as follows: e transverse strain increases with confining pressure. Based on Eq. (7), Poisson's ratio is the internal property of materials, which shows that the axial strain would increase with transverse strain. e axial strain augments the initial compression stages of materials. Hence, the rise of confining pressure would lead to an increase in the initial compression stage [46] .
(2) In Figure 4 , the peak strength and strain would increase with the confining pressure for the same lithology. Meanwhile, the increment would partly depend on material lithology. For instance, when the confining pressure changes from 3 MPa to 5 MPa, the corresponding increments of peak strength for three samples (solidified material, concrete material, and coal) are 25.83%, 46.54%, and 63.41%, respectively. When the pressure changes from 5 MPa to 7 MPa, the corresponding increments are 21.25%, 20.58%, and 24.27%, respectively.
concrete sample, and the structure is more stable, which is more conducive to the drilling seal.
In general, it can be found that the pore content of all samples decreased to some extent a er loading. e relative content of the adsorption pores in all samples is much larger than the seepage pore and fracture, and the stress sensitivity of the adsorption pore is weaker than the seepage pore and fracture. e content of the seepage pore and fracture in the new solidified material is smaller than that of the coal sample and concrete material, and it has fewer gas migration channels, which have better performance than concrete samples in borehole sealing. e pressure sensitivity of all types of pores in the new solidified materials is weaker than that of the coal samples and concrete samples, it has a slower trend of change, and its structure is more stable, which is more beneficial to drilling seals.
Analysis of Stress and Strain of Samples.
e relationship curves of the stress difference and axial strain are obtained via analyzing the experimental data and shown in Figure 4 . In this figure, curves (a), (b), and (c) are relation curves in different confining pressures. From those curves, it can be seen that all the peak strength and maximum axial variation increase with the confining pressure. e strength declines slower when the confining pressure becomes higher. e samples reach the plastic region earlier with small confining pressure. In this study, the strength and deformation behavior of the samples under different confining pressures are investigated based on the relationship between stress and strain, changes of elasticity modulus, the impact of wall rock on the stress, and strain and the failure angle. Meanwhile, the optimizing capacity of new solidified materials is analyzed, which could be very helpful for the coalmine borehole sealing improvement.
(1) In the process of axial compression of samples, there are four phases: the initial compaction phase, strain curves of concrete material reach the top and then decrease, eventually lose the loading capacity and experience brittle failure. e corresponding peak strength under confining pressure of 3 MPa decreases more quickly than that under confining pressure of 5 MPa, when stress and strain curves reach the top. Besides, the total strain quantity is larger under 5 MPa. Consequently, the concrete material experiences brittle failure while the rest experience slow changes from brittle failure to plastic failure when the confining pressure increases. (4) In Figure 4 , there is no intersection point between stress and strain curve at plastic stage of three samples. However, there are intersection points when confining pressure ranges from 3 MPa to 5 MPa, which means e increments of peak strength from 3 MPa to 5 MPa are obviously higher than the rest, which is due to more fracture compression in the first phase than the rest. Furthermore, when the pressure changes from 3 MPa to 5 MPa, the most fracture compression in coal lead to its maximum peak strength increments. In the rest process, the peak strength increments are similar among the three samples.
(3) According to Figure 4 and Table 2 , under the same confining pressure, the sort of peak strength from largest to smallest is concrete material, solidified material, and coal. In contrast, the sort is reversal in terms of peak strain. At the experimentally allowed space, three samples are loaded to the limits, as shown in Figure  4 . Under different confining pressures, the stress and Advances in Polymer Technology 10 by conquering larger friction force by axial strain also has an impact. erefore, the lower confining pressure corresponds to shorter compression stage and larger elasticity modulus.
(2) According to Figure 10 , the elasticity modulus of all samples firstly rise before decreasing with the increase in axial strain. Meanwhile, four stages could be observed in the sample deformation process based on curve trend: compaction phase, elastic phase, yield phase, and failure phase. In the compression stage, the elasticity modulus keeps a constant when the axial strain increases. en, in plastic deformation stage, the elasticity modulus firstly increases under lower confining pressure. A erwards, the elasticity modulus of samples under lower pressure reaches the top and maximum compression states as the axial strain increases. e samples under larger confining pressure keep deforming in a longer time. en, the samples experience plastic failures and reach the failure stage. Eventually, the emerging fractures and cavities appear and the primary physical structures are damaged. Small cavities that the increment of elasticity modulus in 3 MPa are lower than those in 5 MPa, as shown in Figure 10 . According to experimental observation, this phenomenon is due to the appearance of more fractures in coal, which augments the elasticity modulus and rigidity during compression process.
Analysis on Elasticity Modulus.
(1) e elasticity modulus, which represents the capacity of plastic deformation resistance, is the amount of material severity. Based on previous theories, the elasticity modulus increases with the gradual compression of materials due to the disappearance of natural fractures and small cavities. However, in Figure 10 , the samples with smallest confining pressure firstly reach the plastic deformation stage, which is due to the "End Effect" from high confining pressure and axial deformation from confining pressure loading. Besides, the longer compression time caused but under damage stage and failure stage. Combining the stress and strain curves in Figure 4 , the phenomenon with higher confining pressure corresponds to slower declination of main stress at stress limits could be observed. One reason is irreversible physical structures change under high pressure, and emerging fractures gradually develop. Meanwhile, parts produce relative slippage, which changes from brittle failure composed of friction and fracture slippery to plastic failure consisting of relative slippage and superplastic deformation. Meanwhile, Poisson's ratio changes when the rock physical structures vary. Besides, the lateral strain trend of the samples increases. In this experiment, confining pressure kept a constant, which would lead to the lateral strain. e higher confining pressure to a certain extent prevents the radial strain of samples, which can decrease the declination of stress peak. e other reason lies in the changes of coefficient of lateral friction and the high positive stress in the lateral wall from high confining pressure which could produce large friction force that delays the axial compression deformation of samples.
(4) e inner structures and mechanical properties of the three samples are different. Among which, the compactness of solidified material is high which shows that the material owns high strength and rigidity. e concrete material is composed of gel material and aggregate, which owns a stable structure. Besides, the coal sample has a so structure and low strength and hardness. In this study, the impacts of changes in elasticity modulus to strain on the relationship between strength and deformation of three samples under 7 MPa confining pressure were investigated. As shown in Figure 11 , under the same axial strain, the elasticity modulus of concrete material firstly increases, and its elasticity modulus peak and curve inclination are also the maximum. On the contrary, the coal lies in the last. Hence, a conclusion could be made that the rigidity of the concrete material is the best, the solidified material comes second, while the coal lies in the last. is is become bigger as time goes on, then elasticity modulus dramatically decreases.
For the samples with same lithology, the elasticity modulus increases with confining pressure, which shows that the larger confining pressure corresponds to the upper limits of deformation resistance capacity. As shown in Table 4 , comparing the value in 7 MPa with 5 MPa, the increments of elasticity modulus of the samples (solidified material, concrete material, and coal) are 31.94%, 42.98%, and 29.23%, respectively. Comparing 5 MPa with 3 MPa, the increments are 54.30%, 4.21%, and 26.50%, respectively.
(3) In Figure 10 , the samples with the same lithology possess the properties that the elasticity modulus increases with confining pressure. For example, the elasticity modulus of solidified material under 3 MPa reaches the minimum value at axial strain of 0.028 m, the fractures completely develop and internal physical structures are totally damaged. e elasticity modulus under 5 MPa is 1.44 GPa, which decreases 59.65% compared with the top value. At this stage, samples own a little rigidity and are in irreversible plastic deformation stage. e emerging fractures appear slippage and samples own macroscopic deformation. In addition, the elasticity modulus under 7 MPa is 3.40 GPa, which decreases to 27.80% compared with the top value. In this phase, a little decrease in elasticity modulus shows that the sample has completed the plastic deformation stage and internal protogenesis fractures are entirely closed. en, the new cavities appear, and samples produce plastic deformation. However, the elasticity modulus owns greater absolute value, and rock mass has a little rigidity. e elasticity modulus can be determined via the relationship between stress difference and axial strain based on Eq. (3), which represents the change rate of stress with axial strain. e integral of elasticity modulus brings the stress difference at the same time. As shown in Eq. (8), the larger elasticity modulus corresponds to larger stress difference.
According to Figure 10 , it is reasonable to noting that big differences exist between the samples with the same lithology adopted. All samples experienced four stages of compaction phase, elastic phase, yield phase, and failure phase, under different confining pressures. Furthermore, the samples with the same lithology were taken from one rock sample, and owned small property difference. is proves the reliance of samples with the same lithology in three-dimensional axial experiments. erefore, the key parameter values related to confining pressure could be the preference for practical activities of the Lu'an group company.
(1) e capacity of resisting owning attributes failure (i.e. hardness) is usually used to measure the utmost carrying limits. e axial strain in peak strength of samples represents the maximum enduring axial strain limits, which works in rigidity-analysis process. Figure 13 shows the relation between axial strain and confining pressure in peak strength. It could be directly observed that the axial strain in peak strength of three samples with different lithology gradually rises with the increase in confining pressure, which indicates that the increase in confining pressure augments the deformation-resistance capacity in the axial direction.
Compared with the concrete material and solidified material, coal has a so structure, which means that the coal has the maximum axial strain under same confining pressure. According to Figure 13 , when the confining pressure rises from 3 MPa to 7 MPa, the coal axial strain in peak strength increases 21.14% and 44.83% compared with the other two materials. It is obvious that coal has the best deformation-enduring capacity. In Figure 13 , the strain curve of solidified material is higher than that of concrete material, which shows that the new solidified material has better performance in the deformation-enduring capacity and could prevent borehole creep behavior.
(2) Stress peak represents the hardness limits. Take the main stress mode of Coulomb [47] strength criterion into the equation:
because of the inner properties. It should be noted that when the elasticity modulus of the concrete material decreases to a low level which means complete damage under the control of pure axial strain, the coal still has a gap away from the peaks and lies in the deformation process. Hence, the borehole creep and rigidity decrease appear more easily for the traditional concrete material, which would cause structure damage and decrease in borehole efficiency. In the peaks, new solidified material has a clearly higher strain than that of traditional concrete material. Consequently, the new solidified material has better enduring capacities of strain. It is calculated that axial strain of peaks in the solidified material is higher than that in concrete material and the value under 7, 5, and 3 MPa are 22.25%, 31.99%, and 9.26%, respectively.
In Figure 10 (a), the change of concrete material under 3 MPa and 5 MPa confining pressure are similar and tend to be the same in some parts, which is due to the inner compactness structure of the concrete material and the high inner rigidity. e slight distinction of 3 MPa to 5 MPa confining pressure cannot make a big difference to the lithology due to the rigidity. erefore, the high similarity in the process of initial densification, elastic deformation, plastic failure, and damaging part could be observed. It can be straightly found that stress and strain curves are both near.
According to Figure 12 , in the whole process, the elasticity modulus profile of confining pressure of 5 MPa is higher than that corresponds to the confining pressure of 3 MPa, which means that the rigidity and increase rate of strain difference under 5 MPa are higher than those under 3 MPa.
at is mainly because the coal is so and has many natural pores and fractures which would be gradually closed under the rising confining pressure. e corresponding rigidity and elasticity modulus naturally increase. Hence, the elasticity modulus under 5 MPa is higher. on the axial capacity of enduring pressure. Based on previous analysis, the confining pressure has a positive correlation with axial peak stress and strain functions. Hence, the samples would experience higher shearing stress. Besides, the whole sample crossrange has an expansion tendency. Consequently, the lateral strain would increase with confining pressure and the trend is linear.
Effects of Confining
For three samples with different lithology but under same confining pressure, the coal has maximum lateral strain. Compared to solidified material and concrete material, the lateral strain increase of coal is 34.75% and 43.24%, respectively, which shows that the solidified material and concrete material perform well in the lateral deformation capacity.
where is the effect coefficient of confining pressure on axial stress peak, is the sample strength on complete shearing failure under the uniaxial compression and without confining pressure. e relation of m and could be expressed as follows:
Based on Eqs. (11) and (12), following equations could be obtained:
According to Eq. (10), the axial strain peak 1 has a linear relation with confining pressure σ 3 for the specific sample. Figure 14 is the changing curve of the axial pressure peak and confining pressure, which shows that the profile parameters conform to the Coulomb strength criterion. ere is a linear relation between the peak pressure and confining pressure.
Besides, the existing slope shows the sensibility and great positive correlation between pressure peak and confining pressure.
(3) e lateral strain represents the lateral deformation capacity under axial pressure. e inhibition effect differs in different confining pressures. Figure 15 is the change of lateral strain with confining pressure in the peak strength of the samples. It could be clearly seen that the lateral strain of the samples in the peak rises gradually with the increase in confining pressure, which is due to the positive impact of compression (3) When stress keeps the same in the range of experimental pressures, the traditional concrete material has the maximum strength, the new solidified material comes second, while the coal sample is the last. Meanwhile, when the confining pressure being constant, the concrete material has maximum peaks of elasticity modulus, the new solidified material comes second, while the coal sample is the last. (4) While the stress is the same, the new solidified material possesses better strain-bearing capacity compared with the concrete material. is advantage could help to avoid the appearance of creep in borehole sealing section. Meanwhile, under the confining pressures of 7, 5, and 3 MPa, the stress peaks of new solidified material are 22.25%, 31.99%, and 9.26% higher than those of concrete material. (5) In certain confining pressure, the new solidified material has superior volumetric expansion capacity a er experiencing pressure. is feature could increase the volume of the borehole sealing section and improve the supporting capacity of the solidified material. At the same time, under confining pressures of 7, 5, and 3 MPa, the volume increase of the new material in stress peaks are 11.11%, 18.75%, and 6.25% higher than those of concrete material.
Data Availability e experimental data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
e authors declare that they have no conflicts of interest.
(4) In the experiments, the sample would produce axial strain and lateral strain. Correspondingly, the volume dynamically changes, which could be proved by the change of the expansion capacity. e expansion capacity is a significant parameter among mechanical properties in the fracturing process. Figure 16 shows the change of volume strain with confining pressure in three-dimensional axial compression process. e relation could be expressed as follows:
where 1 is the axial strain, ᐈ ᐈ ᐈ ᐈ 3 ᐈ ᐈ ᐈ ᐈ is the absolute value of lateral strain.
In Figure 16 , the volume strain in coal peak strength is sensitive to the change of confining pressure, which is due to the so characteristics and more natural pores than other materials. e strains in Figure 16 are positive values, which shows that the axial strain in the peak strength of coal is greatly higher than the lateral strain under the twice times peak strength and the tendency is clearer with the increase in confining pressure. As the natural pores and fractures (endogenetic fractures) divide the coal into some pieces of matrix which has numerous pores. Stress of all directions is the main reason of volume shrinkage. In macro view, when the coal experiences stress under high confining pressure, the inhibiting effect of confining pressure is stronger than the support effect of pore framework. erefore, the volume strain of sample increases with the confining pressure.
According to the quantity relation, the volume strain in peak strength of coal is higher than that of concrete material and solidified material. e values are 31.58% and 46.87%, respectively, which shows that the coal has the best volume expansion capacity among three experimental samples.
In Figure 16 , the volume strain peaks of solidified material are higher than those of concrete material under the same confining pressure, which shows that the new material has better capacity in expansion volume. When the confining pressure being 7, 5, and 3 MPa, the volume strain increase of new material is 11.11%, 18.75%, and 6.25%, respectively. Compared with the concrete material, it proves above conclusions. Meanwhile, the new solidified material could better support borehole. (1) e pore content of all samples decreased to some extent a er loading. e relative content of adsorption pores in all samples is much larger than seepage pore and fracture, and the stress sensitivity of adsorption pore is weaker than seepage pore and fracture. (2) e content of seepage pore and fracture in the new solidified material is approximately 10.29% and 15.88% smaller than that of coal sample and concrete material, respectively. It has fewer gas migration channels, which have better performance than concrete samples in borehole sealing. e pressure sensitivity of all types of pores in the new solidified materials is weaker than that of coal samples and concrete samples, it has a slower trend of change, and its structure is more stable, which is more beneficial to drilling seals.
Conclusions
(15) 휀 v = 휀 1 − 2 儨 儨 儨 儨 휀 3 儨 儨 儨 儨 ,
